Evasion of apoptosis is critical in Myc-induced tumor progression. Here we report that cancer cells evade death under stress by activating calpain-mediated proteolysis of Myc. This generates Myc-nick, a cytoplasmic, transcriptionally inactive cleavage product of Myc. We found conversion of Myc into Myc-nick in cell lines and tissues derived from multiple cancers. In colon cancer, the production of Myc-nick is enhanced under stress conditions such as hypoxia and nutrient deprivation. Under these conditions, ectopic expression of Myc-nick promotes anchorage-independent growth and cell survival at least in part by promoting autophagy. Myc-nick also delays colon cancer cell death after treatment with chemotherapeutic drugs such as etoposide, cisplatin, and imatinib. Furthermore, colon cancer cells expressing a cleavage-resistant form of Myc undergo extensive apoptosis but are rescued by overexpression of Myc-nick. We also found that ectopic expression of Myc-nick results in the induction of the actin-bundling protein fascin, formation of filopodia, and increased cell motility-all mediators of tumor metastasis. Myc-nick-induced survival, autophagy, and motility require Myc box II (MBII), a region of Myc-nick that recruits acetyltransferases that in turn modify cytoplasmic proteins, including a-tubulin and ATG3. Our results suggest that Myc-nick-induced survival and motility contribute to colon cancer progression and metastasis.
The Myc family (c-Myc, N-Myc, and L-Myc) of basic region helix-loop-helix zipper (bHLHLZ) transcription factors promotes cell growth and proliferation and is aberrantly activated in human tumors (Dang 2012) . Tumorassociated activation of Myc occurs through multiple mechanisms, leading to up-regulation of Myc levels or activity in order to drive oncogenic transformation (Dang 2012) . For example, aberrant activation of the Wnt signaling pathway found in colon carcinomas promotes the transcriptional up-regulation of Myc (He et al. 1998) , which is essential for colon cancer initiation (Sansom et al. 2007) .
A major biological function of Myc is to increase biomass accumulation, thereby providing the molecular precursors required for the accelerated growth of cancer cells. This increase in biomass is largely supported by Myc's ability to promote ribosomal biogenesis and protein synthesis and to augment the uptake and metabolism of carbon sources such as glucose and glutamine (Shim et al. 1997; Kim et al. 2004; Ji et al. 2011) . Furthermore, Myc reprograms metabolism by directly controlling mitochondrial biogenesis and activity, driving the utilization of anabolic pathways that yield both an overall high level of ATP and recyclable metabolites. Therefore, cells with hyperactivated Myc possess a competitive growth and proliferative advantage over normal cells. However, deregulated expression of Myc alone is usually insufficient to convert most normal cell types into tumor cells. This is because Myc, in addition to its growthpromoting activities, also induces apoptosis, which is considered to be an intrinsic mechanism to suppress oncogenic transformation (Evan et al. 1992; Shortt and Johnstone 2012) . Secondary genetic changes that bypass the cell death pathway (for example, in p53 and Arf) are required in order for deregulated Myc to transform normal cells (Wagner et al. 1994; Hermeking et al. 1995; Zindy et al. 1998) . Importantly, cancer cells expressing high levels of Myc are more sensitive to glucose and glutamine deprivation than normal cells (for review, see Dang 2013) . This reliance on carbon sources becomes crucial as tumor size increases and oxygen and nutrients become limiting due to insufficient vascularization. Under these conditions, there is selective pressure for transformed cells to develop the ability to survive stressinduced cell death. For example, to prevent Myc-induced cell death under hypoxia, Myc function is directly inhibited by Hif2 (Keith et al. 2011) , and Myc levels are down-regulated through proteasomal degradation (Li et al. 2009; Wong et al. 2013) .
Myc proteins function predominantly as transcriptional regulators, exerting most of their biological functions by directly activating the transcription of genes that are primarily involved in the control of cell growth, proliferation, ribosomal biogenesis, and metabolism (Eilers and Eisenman 2008) . To bind DNA, Myc forms heterodimers with its partner, Max, and recruits chromatin-modifying complexes to target gene promoters (Orian et al. 2003; Dang 2011) . For example, Myc recruits histone acetyltransferase (HAT) complexes such as TRAPP-GCN5, Tip60, and Tip48 (McMahon et al. 2000) to promote histone acetylation and facilitate transcription (Guccione et al. 2006; Knoepfler et al. 2006) . Moreover, recruitment of the P-TEFb transcriptional anti-pausing complex is linked to Myc's function as a widespread regulator of transcription elongation. This is thought to lead to increased expression of all transcriptionally activated or poised genes within a given cell (Rahl et al. 2010; Nie et al. 2012) .
Recently, we detected a transcriptionally inactive form of Myc that is localized in the cytoplasm. This N-terminal truncation of Myc, named Myc-nick, performs an active role in the cytoplasm that is independent of Myc's transcriptional activity (Conacci-Sorrell et al. 2010) . Full-length Myc is converted into Myc-nick by calcium-dependent cytosolic proteases that are members of the calpain family. Unlike proteasomal degradation leading to total protein destruction, calpain-mediated proteolysis cleaves Myc to generate Myc-nick, which comprises the N-terminal region of Myc from residues 1-298 (Fig. 1A) . Myc-nick binds microtubules and recruits acetyltransferases to promote a-tubulin acetylation and microtubule stabilization. In addition, Myc-nick was found to accelerate the differentiation of committed myoblasts (Conacci-Sorrell et al. 2010) . While normal regulation of calpain activity is essential for embryonic development and targets Myc and other proteins in most normal tissues (ConacciSorrell and Eisenman 2011) , aberrant calpain levels and activity have been correlated with tumor development and metastasis (Storr et al. 2011) . Consistent with the ubiquitous activity of calpains in normal and tumor cells, we found endogenously expressed Myc-nick in the cytoplasm of a large number of cell types. Among these are normal cells such as fibroblasts and primary cells and several transformed cell lines (Conacci-Sorrell et al. 2010) . Furthermore, several immunohistochemical studies have described a cytoplasmic signal for Myc in tumors of diverse origins (Bai et al. 1994; Pietilainen et al. 1995; Calcagno et al. 2009 ; Ruzinova et al. 2010 ).
Because Myc-nick is the major form of Myc present in the cytoplasm, it is likely that the cytoplasmic signal for Myc in these tumors corresponds to Myc-nick. The above findings prompted us to investigate the presence and activity of Myc-nick in tumor progression. Here we report that Myc-nick is expressed in a wide range of tumors and show that it is generated in response to metabolic and cytotoxic stress. Under these conditions, Myc-nick augments tumor cell survival by promoting autophagy and, moreover, augments cancer cell motility by inducing fascin expression and filopodia formation.
Results

Myc-nick is expressed in tumor cell lines and tissues
In order to determine whether Myc-nick functions in tumorigenesis, we extended our previous observations and analyzed the forms of Myc (Myc and Myc-nick) expressed in cancer cell lines and tissues derived from different origins. We examined Myc-nick levels by Western blot using a mixture of two monoclonal pan-Myc antibodies, 143 and 274 (Fig. 1A) , which recognize the N terminus of Myc proteins and therefore are capable of binding both full-length Myc and Myc-nick (ConacciSorrell et al. 2010) . We determined the levels of expression of Myc variants in lymphoma, thymic tumors, prostate cancer, neuroblastomas, medulloblastomas, and colon carcinoma (Fig. 1) .
Using the EmÀmyc mouse model of Myc-driven lymphoma (Adams and Cory 1985) , we found that Myc-nick is present in precancerous bone marrow-derived pre-B cells along with full-length Myc (Fig. 1B) . Moreover, both Myc and Myc-nick are highly expressed in sporadic thymic tumors (Fig. 1C) . Prostate cancer xenografts derived from human cells propagated in mice also displayed high levels of Myc-nick (Fig. 1D) . The multiband pattern observed in prostate cancer samples is probably due to post-translational modifications of both full-length Myc and Myc-nick proteins.
We also analyzed neuroblastoma cell lines containing amplified (IMR32 and SKNBE) or nonamplified (SKNAS) MycN. The cleaved form of MycN was abundant only in the MycN amplified lines (Fig. 1E) , consistent with our previous observation that MycN can also be converted into Myc-nick (Conacci-Sorrell et al. 2010) . For medulloblastomas, we analyzed tumors derived from the constitutively activated SMO mouse model of hedgehog-induced medulloblastomas, where MycN plays an essential role in tumorigenesis (Hatton et al. 2006) . We found that Myc-nick is present in a subset of these medulloblastomas (Fig. 1F) .
Finally, we assessed the expression of Myc in a collection of human colon cancer cell lines and found that both Myc and Myc-nick are highly expressed in all of these lines (Fig. 1G ), as compared with the normal intestinal epithelial cell line FHS74, which expresses low levels of Myc (Fig. 1H) . Moreover, we found both Myc and Myc-nick to be highly expressed in crypts isolated from small intestines of normal mice (Fig. 1I) . Crypts are regions where colorectal cancer is initiated and cancer stem cells reside (Dalerba et al. 2007; Ricci-Vitiani et al. 2007 ).
Overall, we found Myc-nick protein to be present in the majority of the tumor samples analyzed. Myc-nick is less abundant than full-length Myc in proliferating cells but is usually the predominant form of Myc in nonproliferative Sections of the same colorectal cancer biopsies were subjected to immunohistochemistry using an antibody against the C terminus of Myc (9E10) and an antibody against the N terminus of Myc (274). The bottom panels show sequential sections of the same tumor. Arrows point to nuclear staining. (K) Additional colorectal tumor biopsies display similar patterns of staining. Note that the 9E10 antibody stains predominantly nuclear Myc, while 274 stains both nuclear and cytoplasmic compartments (see also Supplemental Table S1 ). cells that are cultured at high density ( Fig. 2F ; Supplemental Fig. S2A ,B; Conacci-Sorrell et al. 2010) . In general, tumors with high levels of Myc also exhibited high levels of Myc-nick; however, we observed some exceptions to this correlation (e.g., Fig. 1D,F) . The widespread expression of Myc-nick in tumor samples raises the possibility that this form of Myc may contribute to a fundamental aspect of tumor cell biology.
Myc-nick expression in colon cancer
One of the major events involved in the development of colorectal cancer is the aberrant activation of the Wnt signaling pathway, resulting in accumulation of b-catenin in the nucleus, where it functions as a transcriptional activator of c-myc. Because of the essential role played by Myc in the initiation of colon cancer in mouse models (Sansom et al. 2007 ) and the elevated levels of Myc-nick in colon cancer cells, we further analyzed the localization of Myc in human colorectal cancer biopsies. We examined 19 independent samples by immunohistochemistry using antibodies against the C terminus of Myc (such as 9E10), which recognizes only full-length Myc, or the N terminus of Myc (such as 274), which recognizes both full-length Myc and Myc-nick (Fig. 1A) . Overall, we found that the antibodies against the N terminus of Myc detected a signal in both the nucleus and the cytoplasm, while an antibody against the C terminus (9E10) detected predominantly nuclear staining and, less frequently, low levels of cytoplasmic staining (Fig. 1J,K) . The immunohistochemistry results obtained with both antibodies for all 19 human colorectal tumors are listed in Supplemental Table S1 . We found significant variability in immunostaining for Myc among the tumors and within each tumor. For example, some areas of a given tumor displayed exclusively nuclear staining, while others exhibited predominantly cytoplasmic staining. There were still other areas that clearly appeared to have both nuclear and cytoplasmic staining for Myc (Fig. 1K ). We observed both nuclear and cytoplasmic staining within proximal areas of the same tumor, indicating that the cytoplasmic staining for Myc is not an artifact of fixation (Fig. 1K ).
Hypoxia and nutrient deprivation lead to cytoplasmic accumulation of Myc and conversion into Myc-nick Different areas within tumors are known to be exposed to variable levels of nutrients and oxygen, depending on their proximity to blood vessels and stroma (Mucaj et al. 2012) . Therefore, we considered that the variability in the presence of Myc forms could be caused by local heterogeneity in the microenvironment, leading to increased conversion of Myc into Myc-nick. We observed that culturing cells for prolonged periods without changing the culture medium caused an increase in the levels of Myc-nick (Fig. 2F ), most likely due to depletion of nutrients from the culture medium, since culturing subconfluent proliferating cells in confluent cell-conditioned medium also resulted in increased Myc-nick levels (Supplemental Fig. S1C ). Interestingly, recent reports show that Myc levels are down-regulated in colon cancer cells under hypoxia as a means of preventing Myc-induced cell death (Li et al. 2009; Wong et al. 2013) .
To address whether conditions that limit cellular proliferation within tumors, such as hypoxia and nutrient deprivation, could trigger the conversion of Myc into Myc-nick, we studied colon cancer cells cultured under limiting amounts of oxygen (O 2 ) and a carbon source. We found that hypoxia (1% O 2 ) or deprivation of glucose and glutamine causes an increase in the levels of Myc-nick in the cytoplasm and a decrease in nuclear full-length Myc ( Fig. 2A,B ,G). While removing both glucose and glutamine at 21% O 2 leads to a significant increase in Myc-nick levels, under hypoxic conditions, glucose starvation was sufficient to induce the retention of full-length Myc in the cytoplasm and its conversion into Myc-nick (Fig. 2I) .
The increase in Myc-nick levels under stress conditions is not due to enhanced calpain proteolytic activity toward Myc because cytoplasmic extracts isolated from cells grown at 1% O 2 or in the absence of glucose and glutamine do not display higher proteolytic activity than control cells (Fig. 2C,J) . Furthermore, the presence of cytoplasmic full-length Myc under hypoxia ( Fig. 2A) was not due to altered CRM1-dependent nuclear transport of Myc because blocking CRM1 with leptomycin B had no effect on the cytoplasmic pool of Myc (Fig. 2D) . Instead, leptomycin B, which at 21% O 2 causes retention of full-length Myc in the nucleus, resulted in a reduction in the levels of nuclear full-length Myc under hypoxia. This is most probably due to increased proteasomal degradation of Myc in the nucleus, as previously reported (Li et al. 2009; Wong et al. 2013) . In support of those reports, we found an increase in the phosphorylation of Myc Thr58 (P-T58) under hypoxia, an event required to prime Myc for Fbw7-mediated degradation (Fig. 2D) . The multiple bands detected in the P-T58 Western blot are probably derived from a combination of phosphorylated Myc and Myc-nick recognized by the antibody against phosphorylated T58 and S62.
While inhibiting calpain activity at 21% O 2 causes an accumulation of full-length Myc in the nucleus, under hypoxia, calpain inhibitors cause an accumulation of fulllength Myc in the cytoplasm (Fig. 2E ). This indicates that hypoxia prevents nuclear translocation of newly synthesized Myc, exposing it to the activity of cytoplasmic calpains and thereby producing Myc-nick. Similarly, the increase in Myc-nick levels that occurs in the absence of both glucose and glutamine appears to be related to the retention of full-length Myc in the cytoplasm. When cells are fed with complete medium, there is a rapid increase in Myc levels caused by growth factor-induced transcriptional up-regulation of Myc. This newly synthesized Myc accumulates rapidly in the nucleus, as early as 2 h following refeeding of the cells (Fig. 2H) . However, when cells are fed with medium lacking glucose and glutamine, full-length Myc accumulates in the cytoplasm, where it functions as substrate for the production of Mycnick (Fig. 2H) . 
Myc-nick protects cells from death caused by nutrient deprivation
We next asked whether Myc-nick plays an active role in tumorigenesis by introducing a vector-expressing Mycnick, as previously described (Conacci-Sorrell et al. 2010) . The overexpression of Myc-nick does not significantly alter proliferation (a transcriptional function of Myc) when expressed in Rat1 myc-null fibroblasts (Fig. 3A) . However, Myc-nick expression (Fig. 3C ) enhances the survival of colon cancer cells grown in the absence of glucose and glutamine (Fig. 3B ). This was measured by a reduction in trypan blue-negative cells (Fig. 3B ) and a decrease in the levels of cleaved caspase 3 (Fig. 3D ). In addition, in contrast to control cells, Myc-nick-expressing cultures preserved cell-cell adhesion, as evidenced by surface b-catenin and E-cadherin staining, when grown in the absence of glucose and glutamine (Supplemental Fig. S2B ,C). Overall, Myc-nick expression significantly delayed death of colon cancer cells in the absence of carbon sources, and most Myc-nick-expressing cells died 2-3 d after control cells (Fig. 3B ). In normal rat fibroblasts, the expression of Myc-nick caused a small reduction in the levels of cleaved caspase 3 when cells where cultured in complete medium (Supplemental Fig. S4F ). However, Myc-nick expression was not sufficient to prevent death induced by lack of glucose and glutamine in these nontransformed cells, thus indicating that Myc-nick cooperates with other prosurvival pathways that are activated in colon cancer cells.
Elevated levels of full-length Myc promote programmed cell death under starvation conditions (Evan et al. 1992) . Serum starvation caused death in DLD1 cells expressing high levels of Myc, particularly in the presence of a calpain inhibitor. However, Myc-nick-expressing cells displayed significant resistance to apoptosis, as measured by flow cytometry of DAPI-stained ( Fig. 3E ) and PI-stained (data not shown) cells and the levels of cleaved caspase 3 (Fig. 3C , bottom panels). We presume that calpain inhibition leads to an accumulation of full-length Myc, which is responsible for promoting apoptosis.
Myc-nick enhances anchorage-independent growth
Anchorage-independent growth is a crucial step in the development of malignancies (Freedman and Shin 1974) and a hallmark of many tumors (Hanahan and Weinberg 2011) . We tested Myc-nick-expressing DLD1 cells for anchorage-independent growth in soft agar and observed a significant increase in the number of mature colonies (Fig. 3F ). Myc-nick and control cultures produced colonies of similar size (data not shown), suggesting that Mycnick permits a larger number of cells to initiate a colony in soft agar. Strikingly, Myc-nick increased by 3.2-fold the number of colonies in soft agar when cells were cultured at 1% O 2 , as opposed to a 1.7-fold increase when cultures were grown at 21% O 2 (Fig. 3F ). This is in agreement with our previous observation that Myc-nick protects cells against apoptosis under stress conditions (Fig. 3B,D) . Consistent with their reduced cell death and increased survival, Myc-nick-expressing cells displayed diminished p53 levels (Fig. 3I) .
When Myc-nick-expressing cells were cultured for several days after reaching confluency, we observed a large number of foci growing over the monolayer, an indication of loss of contact inhibition and acquisition of a more malignant phenotype (Fig. 3G) . We noted that the foci formed by Myc-nick-expressing cells contain nocodazole-resistant acetylated microtubules (Fig. 3H) , consistent with the induction of a-tubulin acetylation by Myc-nick in colon cancer cells (Fig. 3I ) and other cell types (Conacci-Sorrell et al. 2010 ). Acetylation of a-tubulin, a likely mediator of Myc-nick's functions (ConacciSorrell et al. 2010 ) was enhanced by Myc-nick expression in DLD1 cells independent of the activity of deacetylases (Fig. 3J) , indicating that Myc-nick mediates acetylation of a-tubulin in these cells.
Myc-nick promotes genomic instability
In addition to preventing cell death, overexpression of Myc-nick induced changes in the general appearance of proliferating cultures, marked by an increase in multinucleated cells and multipolar spindle formation (Supplemental Fig. S4A-D) . Myc-nick expression caused an accumulation of the DNA damage marker phosphorylated H2AX (gH2AX) in DLD1 (Supplemental Fig. S4E ,H) and SW480 (Supplemental Fig. S4G ) cells when grown under carbon source deprivation but not when cultured in complete medium (Supplemental Fig. S5G,H) . This suggests that Myc-nick facilitates the survival of cells damaged under stress conditions but does not itself cause DNA damage.
An important source of DNA damage is UV radiation, and we found that UV treatment promoted the conversion of Myc into Myc-nick within 5 min of irradiation in Rat1 fibroblasts (Supplemental Fig. S3A) . Moreover, the expression of Myc-nick increases the survival of these cells after UV radiation (Supplemental Fig. S3B ).
The conversion of Myc into Myc-nick restricts cell death following nutrient and growth factor deprivation
To address whether the conversion of Myc into Myc-nick is important in limiting cell death, we blocked the cleavage of endogenous Myc using calpain inhibitors and additionally used Myc mutants that are resistant to calpain-mediated cleavage. Preventing Myc cleavage with inhibitors such as calpeptin, calpain inhibitor XII, and calpain inhibitor VI accelerates cell death under glucose and glutamine deprivation in proliferating wildtype cells and even more profoundly in Myc-overexpressing cells. This was visualized by immunostaining and Western blot for cleaved caspase 3 ( Fig. 4A-C ; Supplemental Fig. S2A ). We obtained a similar increase in cell death when we treated colon cancer cells with calpain inhibitors while the cells were cultured in the absence of growth factors (Fig. 3C,E) .
We demonstrated previously that a mutation in Myc that limits calpain cleavage (Myc D291-300) prevented muscle cell differentiation by causing extensive cell death of myoblasts (Conacci-Sorrell et al. 2010) . We now generated new mutants and found that a deletion of amino acids 298-311 (D298-311) and a larger deletion, D295-311 (see Fig. 1A ), significantly reduce Myc cleavage when compared with other mutants in 293T and DLD1 cells (Fig. 4D,E) . Importantly, Myc D298-311 is not expressed at higher levels than wild-type Myc ( Fig. 4E;  Supplemental Fig. S5B ) and is predominantly localized to the nucleus (Supplemental Fig. S5A ). However, it was not possible to generate a culture of cells expressing high levels of the cleavage-resistant mutant of Myc, suggesting that cells expressing high levels of D298-311 have sharply diminished viability. The expression of Myc D298-311 in DLD1 cells increases apoptosis in the absence of glucose and glutamine when compared with wild-type Myc, as measured by cleaved caspase 3 (Fig. 4E ) and loss of cellcell adhesion (Fig. 4G) . Moreover, the D298-311 mutant promoted an increase in cell death in the absence of serum that was significantly greater than apoptosis induced by wild-type Myc (Fig. 4H) . Myc D298-311 also increased cell death in HFF cells (Fig. 4I ) as well as in C2C12 myoblasts (Supplemental Fig. S5C ). While endogenous Myc and Myc-nick can cooperate with MyoD to transdifferentiate fibroblasts into multinucleated myotubes, coexpression of Myc D298-311 prevents transdifferentiation and triggers cell death (Supplemental Fig. S5D ). Importantly, as measured by cleaved caspase 3, the cell death induced by the D298-311 mutant can be attenuated by coexpression of Myc-nick in DLD1 cells (Fig. 4F ) and HCT116 p53-null cells (Fig. 4K) . When cells expressing Myc D298-311 were grown in soft agar, initially, the same number of cells gave rise to young colonies as wild-type Myc-expressing cells (data not shown). However after 2 wk, the colonies produced by cells expressing Myc D298-311 at 21% or 1% O 2 stopped growing and disintegrated, while colonies expressing wild-type Myc continued growing (Fig. 4L) . Spheroid cultures have been reported to develop hypoxic areas in the center once spheres reach 500 mm (Vinci et al. 2011) . Similarly, when colon cancer colonies reach a critical size, cells in the inner part of the colonies are exposed to limiting amounts of nutrients and oxygen, resulting in cell death. At that point, colonies formed by cells expressing Myc D298-311 undergo apoptosis. Because the Myc D298-311 mutant cannot be cleaved to produce Myc-nick, cells remain with an excess of uncleavable full-length Myc that promotes apoptosis. Endogenous Myc-nick is not sufficient to prevent death of cells overexpressing Myc D298-311, but overexpressed Myc-nick partially rescues.
The Myc box II region (MBII) is required for Myc-nick-induced cell survival MBII is a major determinant of Myc's transcriptional function (see Fig. 1A ). It is the site of recruitment of coactivator complexes containing HATs such as GCN5 (McMahon et al. 2000) and TIP60 (Frank et al. 2003 ) via the adaptor protein TRRAP. Myc-nick contains MBII and retains the ability to bind HATs. Moreover, association of Myc-nick with HATs is involved in the induction of a-tubulin acetylation by Myc-nick (Conacci-Sorrell et al. 2010) . Silencing TRRAP and GCN5, but not TIP60, increased death of Myc-nick-expressing cells cultured for 48 h in the absence of glucose and glutamine (Supplemental Fig. S7A,B) . To directly address the relevance of MBII to Myc-nick-facilitated cell survival, we deleted amino acids 106-143, encompassing MBII within Mycnick (Myc-nick DMBII), and studied the response of cells expressing this mutant to stress-induced cell death.
We found that removing MBII, while having no effect on Myc-nick expression levels (Fig. 5F ), blocked Mycnick's ability to protect cells from death induced by nutrient deprivation (Fig. 5B-E) . Moreover, deleting MBII also reduced the ability of Myc-nick to promote growth in soft agar, particularly under hypoxia (Fig. 5D) . Immunofluorescence for cell adhesion molecules such as E-cadherin and b-catenin showed that Myc-nick-expressing cells, but not control or Myc-nick DMBII-expressing cells, preserved an epithelial appearance when cultured in medium without glucose and glutamine (Supplemental Fig. S2D ). However, both cell lines displayed similar morphology when cultured in complete growth medium.
Myc-nick DMBII behaves like a loss-of-function mutation because it does not protect cells from death under serum starvation and glucose and glutamine deprivation ( Fig. 5A-E) . In contrast to Myc-nick, the DMBII mutant fails to block cleavage of caspase 3 (Fig. 5E,F) , fails to augment acetylation of a-tubulin at both 1% and 21% O 2 (Fig. 5F) , and reduces the levels of PgH2AX (Supplemental Fig. S4H ). Taken together, these results suggest that the binding of Myc-nick to acetyltransferases is necessary for Myc-nick's ability to promote cell survival and that acetylation of a-tubulin-and probably other cytoplasmic proteins-contributes to this activity of Myc-nick.
Myc-nick increases tumor cell survival in response to chemotherapeutic agents
Because Myc-nick promotes cell survival under several different types of stress and is highly expressed in some tumor cells, we asked whether Myc-nick expression confers resistance to chemotherapeutic agents. We treated DLD1 cells expressing vector, Myc-nick, and Myc-nick DMBII with etoposide, cisplatin, oxaliplatin, and imatinib. We found that Myc-nick, but not vector alone or the DMBII mutant, significantly increased cell survival within a 10-fold range of drug concentrations (Fig. 6A,E) . Similar to the results obtained with cells cultured in the absence of glucose and glutamine, Myc-nick-expressing cells survived twice as long as control cells in the presence of chemotherapeutic agents. Myc-nick also prevented the cleavage of caspase 3, as measured after 24 h of incubation with etoposide, cisplatin, and imatinib ( Fig. 6B-D) . Treatment with chemotherapeutic drugs such as etoposide did not significantly alter the levels of endogenous Myc-nick (Supplemental Fig. S7C ).
While untreated Myc-nick-expressing cells display lower levels of p53 (Fig. 3I) , we found that chemotherapeutic agents induce p53 to the same extent in Myc-nick and control cultures (Supplemental Fig. S7A ). Further-more, siRNA-mediated silencing of p53 had no significant effect on the survival of Myc-nick-expressing cells (data not shown). Moreover, HCT116 p53
À/À cells were also protected from death by nutrient deprivation and chemotherapeutic agents upon expression of Myc-nick (Supplemental Fig. S7B ). Interestingly, Myc-nick-expressing cells that survive chemotherapeutic drugs also accumulate the marker of DNA damage gH2AX (Supplemental Fig. S4I ), suggesting that Myc-nick contributes to genomic instability and, potentially, increased cellular heterogeneity following chemotherapy.
Myc-nick promotes autophagy
Nutrient starvation and cellular stress are known to trigger high levels of autophagy, allowing damaged or excess proteins, lipids, and organelles to be recycled into cellular components essential for survival (Yang et al. 2011) . The most commonly used markers of autophagy are the microtubule-associated proteins LC3I (LC3A, LC3B, and LC3C in humans), which, after partial cleavage and lipidation, generate LC3-II, which is internalized into autophagosomes (He and Klionsky 2009) . We found that Myc-nick expression causes a dramatic increase in LC3B-II and LC3A-II in DLD1 cells without affecting the levels of the autophagy-inducing factors ATG3, ATG5, ATG7, and ATG12 (Fig. 6I) . We also observed an increase in the number of lysosome-like vesicles labeled by LC3B (Fig.  6F) , LC3A, and ATG3 (Fig. 6G) , as determined by immunofluorescence of Myc-nick-expressing cells. Furthermore, in vivo labeling of Myc-nick-expressing cells using LysoTracker red demonstrates an increase in the number of acidic organelles (Fig. 6H) . Interestingly, autophagy is known to be involved in tolerance of colon cancer cells to nutrient deprivation (Sato et al. 2007) . Autophagy is known to confer resistance to chemotherapeutic agents by increasing the clearance of these drugs (Yang et al. 2011; Sui et al. 2013) . Consistent with this idea, we found that treating colon cancer cells with etoposide caused an increase in the levels of LC3BII in both control and Mycnick-expressing cells (Supplemental Fig. S7D ).
Treatment with autophagy inhibitors such as chloroquine, the protease inhibitor E64, and, to a lesser extent, 3-methyladenine (3MA) renders Myc-nick-expressing cells sensitive to apoptosis caused by glucose and glutamine deprivation (Fig. 6J,K) and increases cleaved caspase 3 (Fig. 6L ). Blocking authophagy with E64 and chloroquine caused a marked increase in accumulation of LC3BII protein in Myc-nick-expressing cells compared with vectorexpressing cells (Fig. 6M) . Note that 3MA and other PI3K inhibitors affected both control and Myc-nick cells similarly. This is consistent with Myc-nick acting downstream from PI3K, most likely on autophagic vesicle trafficking along acetylated microtubules in response to nutrient deprivation (Geeraert et al. 2010 ). Taken together, these results indicate that Myc-nick promotes autophagy that is at least in part responsible for the increased resistance to stress-induced apoptosis.
Involvement of protein acetylation and the MBII region in Myc-nick-induced autophagy
Recent studies have shown that increased lysine acetylation of several proteins, including a-tubulin, salt-inducible kinase 2 (SIK2), HSP70, and ATG3, promotes autophagy under nutritional stress (Geeraert et al. 2010; Xie et al. 2010; Yi et al. 2012; Yang et al. 2013a,b) . Because protein acetylation is proposed to play a positive role in activating autophagy, we analyzed the pattern of cytoplasmic proteins that are modified by lysine acetylation in Mycnick-expressing cells. We found that multiple cytoplasmic proteins are acetylated in the presence of Myc-nick in a MBII-dependent fashion ( Fig. 6O; data not shown) . Among those proteins, we identified ATG3 as one of the proteins acetylated in Myc-nick-expressing cells (Fig. 6P) . Acetylation of yeast ATG3 is known to be transiently induced after starvation to promote binding to ATG8 and enhancement of autophagy (Yi et al. 2012) . During nutrient deprivation, enhanced acetylation of a-tubulin is required to induce autophagy (Geeraert et al. 2010) , and acetylated microtubules are essential for fusion of autophagosomes with lysosomes (Xie et al. 2010) . Consistent with these studies, we found that Myc-nick augments the levels of acetylated of a-tubulin (Fig. 5F ) and that LC3B-positive vesicles are localized proximal to acetylated microtubules (Fig. 6N) .
Because both protein acetylation and cell survival induced by Myc-nick are dependent on MBII, we asked whether autophagy also requires MBII. Deletion of MBII caused a reduction in the levels of LC3-BII and LC3A-II protein (Fig. 6Q ) and prevented induction of autophagy, as measured by loss of LC3B-labeled autophagosomes (Fig. 6R) .
Myc-nick promotes fascin expression, filopodia formation, and cell motility
We noted that the cohesive colonies generated by Mycnick-expressing cells (Supplemental Fig. S2D ) exhibit intense membrane activity marked by the formation of filopodia, as visualized by actin staining (Fig. 7A) . Filopodia are slender cellular protrusions involved in initiating cell-cell adhesion, sensing the environment, and guiding cell motility and, in cancer cells, are often an indication of increased metastatic potential .
To explore the basis for the increased generation of filopodia, we examined the levels of several actin-associated proteins in Myc-nick-expressing cells. We found a dramatic increase in the expression of the actin-bundling protein fascin in Myc-nick-expressing cells (Fig. 7B) . Fascin levels were induced in cells grown at high density (Fig. 7C) but not during nutrient deprivation (Fig. 7D ) even though conversion of Myc into Myc-nick is stimulated under both conditions (Fig. 2F) . Furthermore, we found that fascin down-regulation by siRNA was not sufficient to induce apoptosis in Myc-nick-expressing cells to the same extent as vector-expressing cells (Fig. 7E) , indicating that fascin is probably not the major mediator of Myc-nick-induced cell survival. While there was no significant change in fascin half-life in Myc-nick-expressing cells (Fig. 7G) , fascin mRNA was induced eightfold in Myc-nick-expressing cells and fourfold in cells expressing Myc-nick DMBII mutant as compared with vectorexpressing cells (Fig. 7H) . Consistent with reports that filopodia development is induced by fascin ( that the Myc-nick DMBII mutant is unable to induce mature filopodia when expressed in DLD1 cells (Fig. 7F,I ).
Several studies have established that fascin is upregulated in cancer cells, where it drives epithelial-tomesenchymal progression, conferring motility and invasive properties to cancer cells Machesky and Li 2010) . To address the association of Myc-nick with cell motility, we carried out both a wound healing assay on confluent cultures of DLD1 cells and a migration assay using a transwell migration chamber. In both experiments, Myc-nick-expressing cells exhibited a higher degree of motility than control cells (Fig. 7J,K) .
Immunohistochemistry studies revealed fascin to be highly expressed at the invasive front of human colorectal cancer (Vignjevic et al. 2007; Ozerhan et al. 2010) . To investigate the association of Myc-nick with metastatic behavior, we compared the localization of Myc in the central area of human colorectal tumor biopsies and the invasive front of the same tumors by immunohistochemistry. In nearly 50% of the tumors analyzed (nine out of 19 cases, 47%), we detected cytoplasmic Myc signal with both N-terminal and C-terminal antibodies in the invasive regions of the tumor ( Fig. 7L ; Supplemental Table S1 ). As shown in Figure 2 , A-I, such a signal in colon cancer cells invariably indicates the presence of Myc-nick and, frequently, full-length Myc retained in the cytoplasm prior to cleavage. These data suggest that the invasive fronts of tumors are regions where processing of fulllength Myc to Myc-nick is occurring, possibly to promote survival and subsequent metastasis.
Discussion
Calpain-mediated cleavage of Myc abrogates stressinduced cell death in tumors with activated Myc Cancer progression is restricted by a disorganized tumor vasculature that limits the delivery of nutrients and oxygen (Tredan et al. 2007 ). Tumor cells located distal to blood vessels may become hypoxic and nutrient-deprived. While such cells may remain viable, they proliferate slowly and more readily achieve resistance to chemotherapeutic agents, thereby permitting survival and repopulation (Saggar et al. 2013) . This is consistent with reports that tumor hypoxia is associated with poor clinical outcome (Hockel et al. 1996; Jubb et al. 2009 ). Many tumors exhibit deregulated Myc activity that augments growth and proliferation, which in turn requires increased amounts of carbon sources such as glucose and glutamine in order to meet the needs of reprogrammed anabolic metabolism (Dang 2010 (Dang , 2012 Sloan and Ayer 2010; Vander Heiden et al. 2010) . Indeed, withdrawal of glucose and glutamine from Myc transformed cells causes a dramatic induction of cell death in vitro (Shim et al. 1998; Yuneva et al. 2007 ). Since Myc induces death under conditions of nutrient and oxygen deprivation (Evan et al. 1992; Shortt and Johnstone 2012; Wong et al. 2013) , it is likely that poorly vascularized areas of tumors evolve mechanisms for evasion of Myc-induced apoptosis. Here we show that one such mechanism involves the down-regulation of Myc protein by calpain-mediated proteolysis as a rapid response to altered levels of nutrients and oxygen. Other studies have demonstrated that Myc degradation is accelerated under hypoxia as a means of blocking the cell death pathway (Li et al. 2009; Wong et al. 2013) . We found that preventing Myc cleavage with calpain inhibitors or by overexpressing a cleavage-deficient mutant of Myc (Myc D298-311) causes increased cell death in colon cancer cells (Fig. 4) , supporting the idea that the cleavage of Myc by calpains prevents apoptosis. This finding is consistent with a report that calpain inhibitors increase tumor cell death in the Em-Myc mouse model of lymphoma (Li et al. 2012) . Taken together, these studies argue that preventing Myc cleavage may provide a means of stimulating cell death of Myc-dependent tumors.
An active role for Myc-nick in promoting survival in response to stress
In principle, simply decreasing the levels of Myc protein in tumor cells through complete proteolytic degradation might be sufficient to permit survival under conditions of stress (Wong et al. 2013) . Our data, however, suggest another level of complexity, in that calpain-mediated proteolytic cleavage at Lys298 in Myc not only reduces the amount of full-length Myc but also produces Mycnick, a cytoplasmic protein possessing a unique activity that contributes to cell survival. We reported previously that Myc-nick is generated in normal cells at high density and during terminal differentiation (Conacci-Sorrell et al. 2010 ). Here we show that diverse tumor types have high levels of both full-length Myc and Myc-nick and that Myc-nick is produced as a response to hypoxia as well as to glucose withdrawal (Figs. 1,2) . Immunohistochemistry of human colon cancer biopsies demonstrates both separate and overlapping tumor regions exhibiting high levels of nuclear or cytoplasmic Myc possessing the antigenic characteristics of Myc and Myc-nick, respectively (Fig.  1J,K) . We attribute this heterogeneity in Myc and Mycnick expression to differences in the microenvironment within the tumor.
To test the idea that Myc-nick has a physiological function, we overexpressed it in colon cancer cells and found that it delayed death induced by a lack of nutrients, growth factors, or chemotherapeutic agents (Figs. 3-6 ). Under these conditions, Myc-nick did not permanently inhibit cell death but significantly delayed death for a period of several days. Myc-nick expression also augmented anchorage-independent growth of colon cancer cells in soft agar by increasing survival of cells removed from the substratum (Fig. 3F) . Importantly, Myc-nick prevented cell death induced by ectopic expression of a mutant form of Myc resistant to calpain cleavage (Fig. 4) , further supporting the hypothesis that Myc-nick plays an active role in attenuating cell death. We reported previously that Myc-nick accelerated the differentiation of committed myoblasts in low or no serum (ConacciSorrell et al. 2010) . However, we now consider this effect to be a consequence of increased survival of myoblasts under conditions of stress due to serum deprivation during differentiation.
Myc-nick increases resistance of cancer cells to chemotherapy
A potentially important implication of Myc-nick's capacity to attenuate apoptosis relates to its ability to prolong tumor cell survival following treatment with drugs commonly used as chemotherapeutic agents, such as etoposide, cisplatin, oxaliplatin, and imatinib (Fig. 6A ). While these drugs alone do not appear to induce Myc-nick, we surmise that under conditions of restricted oxygen and nutrient uptake within tumors, Myc-nick is induced and acts to protect tumor cells following drug treatment. Because anti-cancer drugs reach the target tumor cells through the vasculature, the same cells that receive low levels of O 2 and nutrients and generate Myc-nick are also exposed to lower drug concentrations. Such cells would also be expected to have relatively low rates of proliferation and altered metabolism, further permitting evasion of drug toxicity.
Myc-nick and autophagy
Our data indicate that expression of Myc-nick promotes the formation of mature autophagosomes (Fig. 6 F-H) . Autophagy is an important mediator of cell survival, responsible for recycling macromolecules to provide essential precursors under nutrient restriction and stress conditions (Yang et al. 2011 ) occurring as a consequence of poor vascularization (Sato et al. 2007 ). Because inhibition of Myc-nick-stimulated autophagy results in increased apoptosis, we presume that autophagy is a major factor in facilitating the survival of colon cancer cells expressing Myc-nick. Furthermore, autophagy has also being implicated in conferring drug resistance to cancer cells by increasing the rate of drug clearance via the lysosome system (Yang et al. 2011; Sui et al. 2013) . Thus, the tolerance to chemotherapeutic agents elicited by Myc-nick (Fig. 6A ) may also result from increased autophagy and lysosome formation (Supplemental Fig. S7D ). Therefore, we propose that activation of autophagy is the major mechanism by which Myc-nick promotes cell survival under adverse conditions. While the involvement of Myc as well as factors associated with Myc in autophagy has been demonstrated in several studies and has been proposed to contribute to tumorigenicity (Dey et al. 2013; Nagy et al. 2013; Toh et al. 2013; Wolf et al. 2013) , our studies suggest that induction of autophagy by Myc is mediated at least in part by its by-product, Myc-nick.
Myc-nick and protein lysine acetylation
The highly conserved MBII sequence located within the N-terminal region of full-length Myc recruits a coactivator complex and HATs to Myc-Max DNA-binding sites. Myc-nick, although a cytoplasmic protein, contains MBII, associates with acetyltransferases, and promotes acetylation of a-tubulin in fibroblasts, myoblasts (Conacci-Sorrell et al. 2010) , and colon cancer cells (Fig. 3H,I ). This requires MBII, as does the ability of Myc-nick to augment autophagy and cell survival in response to stress. Under nutritional stress, protein lysine acetylation was found to activate several factors involved in autophagy, including SIK2, HSP70, ATG3, and a-tubulin (Geeraert et al. 2010; Yi et al. 2012; Yang et al. 2013a,b) . Previous studies have found that acetylated a-tubulin is required for the migration of autophagosomes and their subsequent fusion with lysosomes (Geeraert et al. 2010; Xie et al. 2010) .
We found that Myc-nick augments acetylation of multiple cytoplasmic proteins, including ATG3 ( Fig. 6O,P) , and earlier identified a-tubulin to be one of the major targets of Myc-nick in the cytoplasm (Figs. 5F, 7F ; Conacci-Sorrell et al. 2010) . Because Myc-nick-induced protein acetylation and cell survival both require the MBII region, we propose that the mechanism by which Myc-nick induces cell survival is by promoting lysine acetylation of a-tubulin and ATG3. It is also likely that other, as yet unidentified cytoplasmic proteins acetylated by Myc-nick cooperate to increase autophagy and cell survival under stress. Furthermore, acetyltransferases appear to associate with Myc-nick independent of MBII binding (Conacci-Sorrell et al. 2010) , possibly accounting for the residual activity of the Myc-nick DMBII mutant (Figs. 6Q, 7F,H) .
A potential role for Myc-nick in metastasis
We found that overexpressing Myc-nick not only promoted the survival of colon cancer cells but also accelerated their motility, as measured by transwell migration and wound healing assays (Fig. 7J,K) . In agreement with the idea that Myc-nick promotes cell motility, we found enrichment for a cytoplasmic Myc signal in cells localized at the invasive front of about half of the human colorectal tumors examined (Fig. 7L) . This indicates retention of full-length Myc in the cytoplasm, which invariably results in cleavage and generation of Myc-nick, as we observed with cultured colon cancer cells under hypoxia (e.g., see Fig. 2 ).
The invasive front of colorectal cancers was earlier shown to contain nonproliferative/arrested cells that are undergoing epithelial-to-mesenchymal transition (EMT), presumably leading to metastasis at distal sites Jung et al. 2001) . Importantly, stress and hypoxia, conditions that augment the production of Mycnick, were shown to promote colon cancer invasion by inducing an EMT (Kahlert et al. 2011; Hongo et al. 2013) . In searching for mechanisms by which Myc-nick promotes migration of colon cancer cells, we found that Myc-nick induces the expression of the actin-bundling protein fascin. Multiple studies have demonstrated that fascin is dramatically up-regulated in cancer cells, where it drives migration Machesky and Li 2010) . Furthermore, immunohistochemistry studies found fascin to be highly expressed at the invasive front of human colorectal cancers, establishing fascin as a robust marker of invasiveness (Vignjevic et al. 2007; Ozerhan et al. 2010) . Myc-nick expression results in sharply increased levels of fascin, elevated numbers of filopodia, and augmented motility and therefore is likely to contribute to the invasiveness of Myc-dependent tumors .
Tubulin acetylation may also be linked to the changes in cell adhesion and migration promoted by Myc-nick. Communication between microtubules and the actin cytoskeleton is widespread and known to be essential for processes such as migration, cell polarity, and division (Goode et al. 2000; Kodama et al. 2004) . Microtubules have been shown to target filopodia and regulate their movement and density (Schober et al. 2007 ). Alterations within the microtubule cytoskeleton, such as the acetylation of a-tubulin, may provoke altered transcriptional programs, resulting in expression of fascin, and may thereby underlie modifications of the actin cytoskeleton and changes in cell-cell adhesion and motility. Once believed to be restricted to histones and tubulin, protein lysine acetylation has recently emerged as an important post-translational modification regulating the functions of many proteins (Barcellos et al. 2013; Xu et al. 2013) . Therefore, identifying and characterizing proteins that are acetylated by Myc-nick may lead to delineation of critical cytoplasmic effectors of deregulated Myc in cancer cells.
Materials and methods
Cell lines and mouse tissues
Cell lines were maintained in DMEM with 4.5 g of glucose, 10% FCS, and 100 U/mL penicillin/streptomycin. FHS74 human small intestinal cells were cultured in Hybri-Care medium American Type Culture Collection 46-X supplemented with 30 ng/mL EGF and 10% FCS.
For starvation experiments, cells were grown to confluency, and growth medium was replaced for DMEM lacking nutrients. For experiments involving hypoxia, cells were grown to confluency, the growth medium was replaced, and plates were either placed in a 21% O 2 or 1% O 2 incubator. For cyclohexamide (CHX) chase experiments, cells were cultured to confluency, and the culture medium was replaced 24 h before lysis. CHX (50 mg/mL) in combination with 50 mM calpain inhibitor XII was added to cells for the indicated time points.
In vitro cleavage of Myc, immunofluorescence, and retroviral infections were performed as described by Conacci-Sorrell et al. (2010) . For overexpression experiments in 293T cells, Fugene (Roche) transfected cells were harvested 3 d after transfection, with a change in culture medium 24 h before harvesting.
Growth in soft agar
Growth in soft agar was performed as previously described (Rodriguez Fernandez et al. 1993) , with adaptations. Cells (15 3 10 3 ) were resuspended in DMEM containing 0.3% bacto-agar and 10% FCS and were plated in 35-mm plates containing a bottom layer of solidified DMEM, 10% FCS, and 0.8% bacto-agar. Plates were incubated at either 21% O 2 or 1% O 2 for 2-3 wk.
Migration assay
Transwell migration experiments were performed according to the manufacturer's instructions for Corning 8-mm chambers.
Briefly, 5 3 10 3 cells were placed in the upper compartment of a transwell chamber, with both chambers containing medium. Twenty-four hours later, the cells remaining in the upper compartment were removed using cotton swabs, while the cells that crossed the membrane were fixed and stained using crystal violet in methanol.
Protein lysates
Normal and tumor mouse tissues were snap-frozen upon dissection, and total extracts were prepared in RIPA buffer by sonication. For total extracts, cells were lysed in RIPA buffer, and for cellular fractionation, samples were prepared as described by Conacci-Sorrell et al. (2010) .
For villi and crypt preparation, small intestines were opened, washed, cut into 5-mm sections, placed in ice-cold PBS + 5 mM EDTA, and pipetted vigorously. The supernatant after filtration and centrifugation contained the villi, while the pellet contained the crypts.
Immunohistochemistry
Sections (4 mm) were deparaffinized, rehydrated, and pretreated for 10 min in a microwave (or in a pressure cooker) in Dako buffer (pH 6). They were then incubated overnight at 4°C, with the primary antibodies diluted in RPMI 1640 + 10% bovine serum (9E10 at 1:175; 274 at 1:4). Slides were washed twice with TBS/ 0.1% Tween 20 and developed with the EnVision System (Dako) and AEC for visualization according to the manufacturer's instructions.
Pharmacological inhibitors, antibodies, recombinant proteins, siRNAs, and constructs
The pharmacological inhibitors from EMD were 200 mM epoxomycin, 40 nM MG132, 25 mM leptomycin B, 50 mM calpain inhibitor XII, 50 mM calpain inhibitor VI, and 50 mM calpeptin. The chemicals from Sigma-Aldrich were etoposide, imatinib, cisplatin, and oxaliplatin.
Antibodies against c-Myc (9E10) Sin3, Max, p53, p21, fascin, and radixin were from Santa Cruz Biotechnology. Anti-tubulin (a, b, and acetylated) and actin were from Sigma. Anti-Myc 274 and 143 were gifts from N. Ikegaki (University of Illinois). Anticleaved caspase 3, acetylated lysine, P-T58 Myc, MCL1, LC3A, LC3B, ATG3, ATG5, ATG7, and ATG12 were from Cell Signaling, and anti-PgH2AX and cofilin were from Abcam.
The constructs used were as follows: Myc and Myc-nick were cloned by PCR into BamHI and EcoRI sites of pBabe puro and pBabe hygro and used to prepare retrovirus. Myc and Myc-nick constructs used for transient transfections in 293T cells were cloned into pCS2 + vector. Fascin, GCN5, Tip60, and TRRAP siRNAs were from Santa Cruz Biotechnology.
The primers used for fascin quantitative PCR were 59-TCCA CGCGCCAGGGTATGGAC-39 and 59-ACTTGCCCGTGTGG GTACGG-39.
